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stable extremal regions (MSERs) is disclosed. The architec-
ture includes a communication interface and processing
circuitry that are configured in hardware to receive a data
stream of an intensity image in real-time and provide labels
for image regions within the intensity image that match a
given intensity threshold. The communication interface and
processing circuitry are also configured in hardware to find
extremal regions within the intensity image based upon the
labels and to determine MSER ellipses parameters based
upon the extremal regions and MSER criteria. In at least one
embodiment, the MSER criteria include minimum and
maximum MSER areas, and an acceptable growth rate value
for MSER area. In another embodiment, the MSER criteria
include a nested MSER tolerance value.
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Seedslist Seed#t Seed#?2 Seed#3 Seed#4 BLANK
| Q0 A 25 49 102 4 BLANK
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FIG. 2B

FIG. 3
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HARDWARE ARCHITECTURE FOR
REAL-TIME EXTRACTION OF MAXIMALLY
STABLE EXTREMAL REGIONS (MSERS)

RELATED APPLICATIONS

The present application is related to concurrently filed
U.S. patent application Ser. No. 14/482,629, entitled
“ARCHITECTURE AND METHOD FOR REAL-TIME
PARALLEL DETECTION AND EXTRACTION OF
MAXIMALLY STABLE EXTREMAL REGIONS
(MSERs).”

FIELD OF THE DISCLOSURE

The present disclosure relates to computer vision and
automated surveillance systems.

BACKGROUND

Visual surveillance of dynamic scenes is an active area of
research in robotics and computer vision. The research
efforts are primarily directed towards object detection, rec-
ognition, and tracking from a video stream. Intelligent visual
surveillance has a wide spectrum of promising governmental
and commercial-oriented applications. Some important
applications are in the field of security and include access
control, crowd control, human detection and recognition,
traffic analysis, detection of suspicious behaviors, vehicular
tracking, Unmanned Aerial Vehicle (UAV) operation, and
detection of military targets. Many other industrial applica-
tions in the automation fields also exist, such as faulty
products detection, quality assurance, and production line
control.

Commercial surveillance systems are intended to report
unusual patterns of motion of pedestrians and vehicles in
outdoor environments. These semi-automatic systems intend
to assist, but not to replace, the end-user. In addition,
electronics companies provide suitable equipment for sur-
veillance. Examples of such equipment include active smart
cameras and omnidirectional cameras. All the above provide
evidence of the growing interest in visual surveillance,
where, as in many image processing applications, there is a
crucial need for high performance real-time systems. A
bottleneck of these systems is primarily hardware-related,
including capability, scalability, requirements, power con-
sumption, and ability to interface various video formats. In
fact, the issue of memory overhead prevents many systems
from achieving real-time performance, especially when gen-
eral purpose processors are used. In these situations, the
typical solutions are either to scale down the resolution of
the video frames or to inadequately process smaller regions
of interests within the frame.

Although Digital Signal Processors (DSPs) provide
improvement over general purpose processors due to the
availability of optimized DSP libraries, DSPs still suffer
from limited execution speeds. Thus, DSPs are insufficient
for real-time applications. Field programmable gate array
(FPGA) platforms, on the other hand, with their inherently
parallel digital signal processing blocks, large numbers of
embedded memory and registers, and high speed memory,
together with storage interfaces, offer an attractive solution
to facilitate hardware realization of many image detection
and object recognition algorithms. As a result, computation-
ally-expensive algorithms are usually implemented on an
FPGA.
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State-of-the-art developments in computer vision confirm
that processing algorithms will make a substantial contri-
bution to video analysis in the near future. The processing
algorithms once commercialized may overcome most of the
issues associated with the power and memory-demanding
needs. However, the challenge to devise, implement, and
deploy automatic systems using such algorithms to detect,
track, and interpret moving objects in real-time remains. The
need for real-time applications is strongly felt worldwide, by
private companies and governments directed to fight terror-
ism and crime, and to provide efficient management of
public facilities.

Intelligent computer vision systems demand novel system
architectures capable of integrating and combining com-
puter vision algorithms into configurable, scalable, and
transparent systems. Such systems inherently require high
performance devices. However, many uncharted areas
remain unaddressed. For example, only a single hardware
implementation attempt has been reported for a Maximally
Stable Extremal Regions (MSERs) detector and the attempt
had limited success. This is in spite of the fact that MSERs
detectors were introduced as a research topic more than a
decade ago, have been used in numerous software applica-
tions, and discussed in over 3,000 published papers. The
major advantages of MSERs are affine invariance. Tradi-
tional scale invariant feature transform (SIFT) detectors and
speeded up robust features (SURF) detectors are only scale
and rotation invariant.

What is needed is a hardware architecture for real-time
extraction of MSERs. The architecture can be easily realized
with e.g. an FPGA or an application specific integrated
circuit (ASIC) or the like.

SUMMARY

A hardware architecture for real-time extraction of maxi-
mally stable extremal regions (MSERs) is disclosed. The
hardware architecture includes a communication interface
and processing circuitry that are configured in hardware to
receive a data stream of an intensity image in real-time and
provide labels for image regions within the intensity image
that match a given intensity threshold. The communication
interface and processing circuitry are also configured in
hardware to find extremal regions within the intensity image
based upon the labels as well as determine MSER ellipses
parameters based upon the extremal regions and MSER
criteria.

In at least one embodiment, the MSER criteria include
minimum MSER area, maximum MSER area, the accept-
able growth rate value for MSER area, (i.e. maximum region
area variation), and threshold increment parameter (step size
between consecutive threshold values). In another embodi-
ment, the MSER criteria include a nested MSER tolerance
value.

Those skilled in the art will appreciate the scope of the
disclosure and realize additional aspects thereof after read-
ing the following detailed description in association with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings incorporated in and forming
a part of this specification illustrate several aspects of the
disclosure, and together with the description serve to explain
the principles of the disclosure.

FIG. 1 is a block diagram, of the proposed architecture for
real-time extraction of maximally stable extremal regions



US 9,489,578 B2

3

(MSERs) that is in accordance with the present disclosure,
which can be easily used in System-on-Chip (SoC) plat-
forms or the like.

FIG. 2A is a sample scenario table for a seed list at a third
intensity threshold.

FIG. 2B is an updated sample scenario table for the seed
list at a fourth intensity threshold.

FIG. 3 is a test image displaying ellipses for MSERs
detected and extracted from the test image.

FIG. 4 is an exemplary contour sketch of an irregularly-
shaped MSER with a best-fit elliptical approximation.

FIG. 5 is a diagram for a process flow for the MSERs
processing hardware of FIG. 1.

FIG. 6 is a diagram for a process flow for the union-find
processing hardware of FIG. 1.

FIG. 7 is a graph of memory requirements of the archi-
tecture versus intensity image resolution.

FIG. 8 is a graph of add and product operations for the
architecture versus intensity image resolution.

FIG. 9 is a graph of memory reads and writes operations
for the architecture versus intensity image resolution.

FIG. 10 is a table of the SOC architecture requirements
summary.

DETAILED DESCRIPTION

The embodiments set forth below represent the necessary
information to enable those skilled in the art to practice the
disclosure and illustrate the best mode of practicing the
disclosure. Upon reading the following description in light
of the accompanying drawings, those skilled in the art will
understand the concepts of the disclosure and will recognize
applications of these concepts not particularly addressed
herein. It should be understood that these concepts and
applications fall within the scope of the disclosure and the
accompanying claims.

FIG. 1 is a block diagram of an architecture 10 for
real-time extraction of maximally stable extremal regions
(MSERs). The architecture 10 includes a communication
interface 12 and MSER real-time processing circuitry 14. In
an exemplary embodiment, a cache memory 16 is usable to
store data resulting from MSER processing performed by
the MSER real-time processing circuitry 14. For the purpose
of this disclosure, the architecture combines the required
electronic circuits of various hardware implemented func-
tions and memory needed to realize the architecture 10 onto
a single integrated chip (IC) and as a complete system. An
architecture 10 platform can be realized on (System-on-
Chip) SoCs, a field programmable gate array (FPGA), an
application specific integrated circuit (ASIC) or the like.

The MSER real-time processing circuitry 14 includes
intensity image process hardware 18 that receives a data
stream of an intensity image via the communications inter-
face 12 and provides labels for image regions within the
intensity image that match a given intensity threshold. Also
included is extremal regions find hardware 20 that finds
extremal regions within the intensity image based upon the
labels. During operation, the extremal regions find hardware
20 that automatically monitors the size of each extremal
region, i.e., each extremal region’s cardinality, IQ(t)l, as a
function of an intensity threshold value t. An MSER is
detected if q(t) has a local minimum, where

q(O=10EANQ(E-M10()I. EQ. 1
Detected MSERs are further processed by MSER process
hardware 22 to extract MSERs of particular interest. The

details of the MSER process hardware 22 is discussed later
in this disclosure.
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In an exemplary embodiment, an incoming frame of the
intensity image is intensity thresholded to generate a binary
image made up of dark pixels and bright pixels at full
contrast. In an exemplary embodiment, the intensity thresh-
old value t starts at zero and increments at a given intensity
threshold increment A until the intensity threshold value
equals 255. Therefore, if A is set to 5, there will be 52
intensity thresholding processes per intensity image frame.
Further still, with A increments, the threshold continues to
increase until the entire intensity image is processed. In
general, the thresholding process requires 255/AA+1 thresh-
old increments. Typical values of A range from around about
4 to around about 8. Therefore, around about 64 to around
about 8 threshold increments are needed to process a com-
plete intensity image. There is a binary image for each
threshold increment, and light regions and dark regions are
labeled for each

In an exemplary embodiment, the intensity image process
hardware 18 includes union-find hardware 24 (which can be
replaced with other labeling/segmentation algorithms hard-
ware with some extra processings, i.e. the union-find is just
an example for a useful algorithm that can be used with the
MSER, to the best of our knowledge and as was reported by
the inventor of the MSER algorithm, the best MSER imple-
mentation can be achieved using the union-find algorithm
and hence is reported here), that labels image regions within
the intensity image for each A of the intensity threshold
value t. In particular, the union-find hardware 24 labels
regions within the binary image for each intensity threshold
of the intensity image. Moreover, the union-find hardware
24 will provide a labeled image, a seed, and a size (i.e., the
number of pixels with a same label) of each region plus the
number of labels used. Simply put, the union-find hardware
24 provides labeled regions and their corresponding sizes
and seeds. The seed of each region at a particular intensity
threshold is the first pixel location that the union-find
hardware 24 finds for the region. Due to the intensity
threshold increment A, previous regions may grow or merge
and new regions may appear. As a result, the union-find
hardware 24 will label such regions with labels that are still
unique but not necessarily similar to previous labels or with
the same seeds. Furthermore, because the regions can grow
and/or merge, the first pixel location that the union-find
hardware 24 encounters for a growing region will be dif-
ferent from a previous seed, even though both refer to the
same region. To overcome this problematic issue, labeled
region seeds updater/unifier hardware 26 compares all seeds
stored as a seed list in the cache memory 16 for a present
intensity threshold to seeds previously detected and stored in
the seed list. If a match between seeds is found, the original
seed is maintained by the labeled region seeds updater/
unifier hardware 26. Otherwise, the labeled region seeds
updater/unifier hardware 26 appends a new seed to the seeds
list stored in the cache memory 16.

A region map is usable to store region sizes for the seeds
in the seeds list. The region map is stored as a dedicated
portion of the cache memory 16. Region map updater/unifier
hardware 28 updates the region map as the intensity image
is processed by the union-find hardware 24.

The amount of memory that is needed to store the seeds’
region sizes is 3 times the number of seeds stored in the
SeedList memory because the region map stores the value of
Q(t+A), Q(t), and Q(t-A) for each seed. These values are
needed to calculate the stability function for each seed in the
SeedList. The region map allows for memory reduction and
efficiency in place of recording a region size for every seed
in the SeedList at every intensity threshold. As a result, if
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more seeds are appended to the SeedList at intensity thresh-
old L+A, then new locations for this new seed are also
appended to the RegionMap, where the region size for this
intensity threshold is added in the q(t)=1Q(t+A)l while 1Q(t)
and 1Q(t-A)| are filled with ones to avoid division by zero.
Note, that since IQ(t+A)l is not available at the current
intensity threshold t, nor is t available for the first intensity
threshold, then the calculation of q(t) starts at the third
intensity threshold, i.e., q(t) is calculated at intensity thresh-
old t+A, excluding the first and final intensity threshold
values. In this way, the RegionMap memory has three rows
to allow the stability function to be easily calculated. To
elaborate on this, consider the following sample scenario
table shown in FIG. 2A. At the third intensity threshold, in
FIG. 2A, q(1) is calculated for the second intensity threshold.
At 1Q(1)l, the two regions defined by Seed#1 and Seed#2
merge, so they have the same size from then on. At the fourth
intensity threshold, in FIG. 2B, q(t) is calculated for the third
intensity threshold, and note that IQ(t+A)l and 1Q(t)! at the
third intensity threshold are 1Q(t)l and IQ(t-A)! at the fourth
intensity threshold. Because of the detection of a new
region, defined by Seed#5, the RegionMap list is appended
and the size of this new region at 1Q(t+A)l is filled with its
size, while 1Q(t)l and 1Q(t-A)l are filled with ones. At this
intensity threshold, regions referred to by Seed#3 and
Seed#4 merge so they will have the same region size from
now on, etc. Note that at the final intensity threshold, all
regions will merge into one with a size MxN.

The communication interface 12 receives MSER criteria
that in at least one embodiment includes a minimum MSER
area value MinArea, a maximum MSER area value Max-
Area, and an acceptable growth rate value MaxGrowth. The
minimum MSER area is the minimum number of pixels that
an MSER can contain. In contrast, the maximum MSER area
is the maximum number of pixels that an MSER can contain.
As such, all detected MSERs must satisfy the condition:

MinAreasQ<MaxArea. EQ. 2

The communication interface 12 passes the MSER criteria
to MSER selector hardware 30, which also receives MSERs
found via the extremal regions find hardware 20. The MSER
selector hardware 30 in turn tests each MSER to ensure that
each MSER has an area that fits within the range specified
by the minimum MSER area value MinArea and the maxi-
mum MSER area value MaxArea.

The maximum acceptable growth rate value MaxGrowth
specifies how stable the detected MSERs must be. In par-
ticular, all detected MSERs must satisfy the condition:

q(O=10(+M\Q(+-A)/1Q(1)l=MaxGrowth. EQ. 3

The communication interface 12 passes maximum accept-
able growth rate value MaxGrowth to the MSER selector
hardware 30, which in turn tests each MSER found by the
extremal regions find hardware 20 to ensure that each MSER
does not exceed the maximum acceptable growth rate value
MaxGrowth.

In one embodiment, the MSER criteria also include a
nested MSER tolerance value T that is provided to mitigate
sensitivity to blur and to mitigate discretization effects that
plague traditional MSER extraction software and/or hard-
ware. Since nested MSERs have similar center coordinates,
any new MSERs with centers within a range associated with
the tolerance value T compared to previously detected and
stored MSERs are excluded automatically. In particular, all
detected MSERs satisfy the following conditions:

xo:e{(1-0.50)x,(140.5T);}, EQ. 4
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0:€{(1-0.5T)y,,(1+0.5T)y;},

where x; and y, denote all previously stored center values of
the detected MSERs. However, comparing centers has a
drawback in that unnecessary computations are included
while image moments are calculated. In order to predict
possible nesting, and hence save unnecessary operations due
to comparing centers, an alternative approach is executed by
the MSER selector hardware 30 at a relatively far lower
computational cost. Specifically, for each region, the MSER
selector hardware 30 compares a current growth rate with a
previous growth rate, and if an absolute difference is within
a range defined by the tolerance value T, then this region at
the current intensity threshold is excluded by the MSER
selector hardware from further MSER extraction processing.
Moreover, an exemplary intensity threshold increment, A,
may be selected as 5 to speed up the MSER detection
process. MSER detection with A equal to 5 is around about
five times faster than when A is equal to 1. Further still, since
merged regions will have the same growth rate from the
intensity threshold level as they merge, only one MSER that
corresponds to the region with a seed that comes first in the
seed list will be detected. The remaining MSERs will not be
processed, but instead will be ignored. As a result of
ignoring the remaining MSERs, many other unnecessary
computations are eliminated to further save energy and
execution time.

Find MSER pixel list hardware 32 generates a pixel list
for the x and y coordinates for each labeled region defined
by the labeled regions seed stored in the seed list for every
MSER that passes the conditions tested by the MSER
selector hardware 30. MSER moments calculator hardware
34 uses the pixel list to calculate region moments using the
following relationship for any particular moment m,,,.

EQ. 5

M= e 1erX ¥, EQ. 6

x,yeR(t) EQ. 7

where x and y denote the pixel coordinate of the region R(t)
at the current intensity threshold. Subsequently, the region
can be approximated by a best-fit ellipse equation that is
given by:

(x — Xo + tan(@)(y — yo))® EQ 8

a2(1 + tan(e))?

(= yo+tan(@x = x0)* |
b2(1 + tan(e))? -

where (X, Vo), a, b, and a, respectively, are MSER ellipse
parameters that represent a center of gravity (center of the
MSER ellipse), a major axis length, a minor axis length, and
an angle of the major axis with respect to a horizontal axis.
In an exemplary embodiment, the MSER ellipse parameters
are determinable using region moments mg,, M, 5, M, ,, My5,
and m,, that are calculated by MSER moments calculator
hardware 34. Elliptical fit approximator hardware 36 uses
the region moments provided by the MSER moments cal-
culator hardware 34 to approximate the MSER ellipse
parameters (X,, ¥o), &, b, and a via the following mathemati-
cal relationships.

) EQ. 9
Mmoo
myy

yo = 2oL EQ. 10
Mmoo
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-continued
EQ. 11
a:\/z(n BB+ -n) )
EQ. 12
b:\/z(tl -G+ -n ) )
[;
o= O.Stan’l( 2 ), EQ 13
=1
where
he 2 EQ. 14
moo
myy EQ. 15
n= 2(— —Xo}’o), Q
maoo
m,
b2 EQ. 16
moo

Instead of storing each MSER pixels list, which would
require a relatively huge memory, an MSER ellipses param-
eters memory block 38 is usable to store best-fit ellipses
parameters (Xo, Yo), a, b, and o, which are provided to
external hardware (not shown) for display or monitoring.
For example, since the best-fit ellipses parameters (X,, ¥,),
a, b, and a are readily available through the communication
interface 12, they can be used to compute scale invariant
feature transform (SIFT) descriptors and speeded up robust
features (SURF) descriptors. Depending on whether or not
the intensity image is inverted, the SOC architecture 10 will
detect and extract either bright or dark MSERs.

FIG. 3 is a test intensity image displaying a sample of
MSERs that were detected by the SOC architecture 10 of the
present disclosure. The MSERs are contained or mostly
contained within the white ellipses. Note that some of the
MSERs are nested and are represented by ellipses within
other ellipses. Crosshairs designate the center of each
ellipse. Some nested MSERs are represented by concentric
ellipses. It is to be understood that the number of ellipses
representing MSERs in FIG. 3 are relatively few only for the
purpose of simplified illustration. Relatively many more
MSERs are typically detectable during operation of the SOC
architecture 10.

FIG. 4 is an exemplary contour sketch of an irregularly
shaped MSER 40 with a best-fit elliptical approximation 42.
Note that since merging regions will cause the same region
sizes to be stored for multiple seeds, multiple detections
referring to the same MSER may occur. To avoid this, only
the first seed for the merged regions is used by the MSER
process hardware 22 during operation, as discussed above.

FIG. 5 is a diagram for a process flow 46 for the MSER
real-time processing circuitry 14 (FIG. 1). Note that dashed
lines represent loop operations. The MSER real-time pro-
cessing circuitry 14 reserves a memory block 48 having M
rows and N columns to store an MxN binary (i.e., intensity
threshold) image derived for the intensity image. A union-
find labeling process 50 that generates a region size array 52,
a number of seeds variable 54, a list of seeds 56, a seeded
region size list 58 that includes the seed and the size (i.e., the
number of pixels with the same label) of each region, and a
labeled image array 60.

The labeled region seeds updater/unifier hardware 26
(FIG. 1) implements a finite state machine (FSM) 62 that
monitors the labels of regions to relate them according to
their previous label values in order to maintain tracking of
the same region’s seeds and sizes to ensure proper MSER
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detection. If the current intensity threshold includes a region
that has a different seed from the previous intensity threshold
value, the previous seed is maintained; otherwise a new seed
is appended to a seed list 64 by FSM 62.

The region map updater/unifier hardware 28 (FIG. 1)
implements an update region map FSM 66 that is labeled in
FIG. 5 as Update RegionMap. After unifying and updating
the seed list 64, the FSM 66 maps the number of pixels in
a region of each monitored region having a seed stored in the
seed list 64. The mapping performed by the FSM 66 results
in a region map array 68 that is, in this exemplary embodi-
ment, named RegionMap (3,1.). The region map array 68 is
a 3xL array stored in cache memory 16.

In this exemplary embodiment, the region map array 68
stores the region size of each region having a seed in the seed
list 64 for the current intensity threshold value and the
previous two intensity threshold values. This is sufficient to
calculate the growth rate or stability function of each region
that is used to identify MSERs. Note that the stability
function is defined as:

q@O=1Q@+A\QE=M)I10@)

and Q(t+A), Q(t), and Q(t-A) are stored for every seeded
region in the region map array 68. A q(t) memory array 70
is usable to store the results of the stability function at the
current intensity threshold. A q(t-A) memory array 72 is
usable to store the results of the stability function at the
current intensity threshold minus A.

The MSER selector hardware 30 (FIG. 1) implements an
MSER selection FSM 74 that performs selection of MSERs
based on the values stored in the q(t) memory array 70 and
q(t—-A) memory array 72, along with MSER criteria received
via the communications interface 12 (FIG. 1). The MSER
criteria pertaining to the minimum MSER area value Min-
Area and the maximum MSER area value MaxArea are used
by the MSER selection FSM 74 to exclude relatively too
small MSERs and to exclude relatively too large MSERs.
All MSERs Q detected by the MSER selection FSM 74
satisty the following relationship:

EQ. 17

MinAreasQ<MaxArea

The MSER selection FSM 74 uses the third parameter that
pertains to the maximum acceptable growth rate value
MaxGrowth to monitor the stability of the detected MSERs,
which must satisty the following relationship:

EQ. 18

4@~ 10(HANQ(-A)/IQ(F) 1= AccGrth

Moreover, the MSER selection FSM 74 compares the
growth rate of q(t) and q(t-1). If the comparison does not
exceed the nested MSER tolerance value T then a nested
MSER is detected and the MSER selection FSM 74 will not
detect that particular nested MSER again.

The find MSER pixel list hardware 32 implements a find
MSER pixel list function 76 that scans the binary image to
locate all pixels belonging to each

MSER detected. Afterwards, the MSER moments calcu-
lator hardware 34 implements a calculate image moments
function 78 that calculates the region moments mg,, m;,,
m,,, m;;, My,, and m,, that are stored in a 5x1 memory
array stored in the cache memory 16 (FIG. 1). Next, the
elliptical fit approximation hardware 36 implements a cal-
culate ellipse fit parameters function 80 that calculates the
best-fit ellipses parameters (X,, ¥,), a, b, and o, which are
stored in the MSER ellipses parameters memory block 38
via a memory MSER parameters store parameters function
82. The MSER parameters are stored using a 5x[. memory
array.

EQ. 19
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An intensity image store function implemented by the
MSER real-time processing circuitry 14 allocates a memory
array [,(M,N) 84 within the cache memory 16. The MSER
real-time processing circuitry 14 also implements an FSM
86 that uses values from the memory array I (M,N) to
perform an intensity thresholding of the intensity image at
every intensity threshold encountered for each intensity
threshold increment A.

FIG. 6 is a process flow 88 for the union-find hardware 24
(FIG. 1). Note dashed lines represent loop operations. In
particular, the union-find hardware 24 implements an assign
function 90 that assigns two relatively well-defined values
for a pair of region roots (R1, R2) needed for the union-find
labeling in accordance with the present disclosure. Note that
the region roots (R1, R2) address two adjacent pixel iden-
tification (ID) memory addresses.

A first union-find FSM 92 compares the assigned region
roots (R1, R2) to stored values at ID memory addresses. The
first union-find FSM 92 makes the region roots (R1, R2) the
same if the first union-find FSM 92 determines that the
region roots (R1, R2) are different. As the first union-find
FSM 92 operates, yet another comparison is made by a first
decision diamond 94 to test if the region roots (R1, R2) are
the same. If no, the process continues with an assignment
function 96 that assigns two variables (N1, N2) with two
values respectively, with the stored values at the ID memory
addresses for region roots (R1, R2) that correspond to the
region size of a collective region defined by the region roots
(R1, R2).

A second decision diamond 98 compares two adjacent
pixels specified by the region roots (R1, R2) to determine if
the two adjacent pixels have the same value. If no, then there
is no change. However, if yes, then the two adjacent pixels
are connected and the process continues to a third decision
diamond 100 that tests to see if N1 is greater than or equal
to N2. If no, the process continues with a first merge block
102 that merges N1 and N2 into the region R2, which is
relatively larger than region R1. If yes, the process continues
with a second merge block 104 that merges N1 and N2 into
the region R1. The first merge block 102 and the second
merge block 104 communicate with a region size memory
array 106 that has MxN elements and is named RegionSize
(M,N) in the exemplary embodiment of FIG. 6. A uniquely
labeled image is stored within an ID matrix 108. Unlike the
region size memory array 106 that is labeled using each
region number of pixels in which two regions might coin-
cidentally have the same region size and hence the same
label in the ID matrix 108. Labels in the ID matrix 108 are
unique and each label reflects the root of the associated
region. In other words, since each region has just one root,
each label is unique.

A region roots assignment FSM 110 continues assigning
values for the region roots (R1, R2) and continues operating
for every intensity threshold until all pixels are labeled. Each
root (i.e. each of R1 and R2) is assigned M*(N-1)+N*(M-
1) times.

A total memory requirement for a frame of MxN and a
maximum number of [ detected MSERs, the memory
requirement can be approximated as: Total Memory
Requirement=MxN [intensity image]+0.125xMxN [binary
image, one bit per location is sufficient]+2xkxMxN [ID+
RegionSize|+4xL [Seeds List+RegionMap|+5xL [elliptical
parameters]|+2xL [q(t) and q(t—=1)]=[1.125+2xk|xMxN+11x
L, where k is a constant that ensures proper assignment for
both RegionSize and ID, not larger than 3 to support
4096x4096 image resolution, which is, again, far more than
needed in practice.
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The total memory requirement is an upper limit approxi-
mation that is recommended because of the impossibility to
predict the number of MSERs in an image, since the number
of MSERs is highly dependent on the content of the image.
The memory requirement is only about 104 kBytes for a
160x120 frame (and assuming the constant k=2), and a
maximum of 768 detected MSERs, which is relatively far
more than the typical number of detected MSERSs in images.
If we assume an image resolution of 320x240, just as used
in a state-of-art FPGA implementation, then the memory
requirement tends to be around about 393 kBytes, which is
about 91.6% less than the reported memory requirement of
4.6 Mbytes in used in typical prior art applications. A sample
plot for different resolutions, namely 160x120, 288x216,
384x288, 512x384 and 682x512, is shown in FIG. 7, which
shows a linear trend for memory versus image size (assum-
ing k=1).

The architecture 10 of FIG. 1 does not perform complex
image operations such as filtering, smoothing, Fourier
Transform, etc. In particular, only addition and multiplica-
tion are used during processing of one embodiment of the
architecture 10. The bulk of these operations mainly come
from image moments calculations to find the five best-fit
ellipses parameters (x,, ¥,), a, b, and a of the elliptical fit
approximation, plus the union-find labeling process 50 (FIG.
5). The remainder of the operations are mainly assignment
and comparison such as those executed during an intensity
thresholding of the intensity image into binary image.

In particular, FIG. 7 is a plot of add operations and
product operations versus resolution, whereas FIG. 8 is a
plot of memory read and memory write operations versus
resolution. The test image (FIG. 3), at different resolutions,
160x120, 288x216, 384x288, 512x384 and 682x512 was
used to generate the plots shown in FIG. 7 and FIG. 8. FIG.
10 is a table that lists requirements summary an exemplary
embodiment of SOC architecture 10 (FIG. 1). The exem-
plary requirements summary was produced using the same
test image to generate FIGS. 7 and 8.

Those skilled in the art will recognize improvements and
modifications to the embodiments of the present disclosure.
All such improvements and modifications are considered
within the scope of the concepts disclosed herein and the
claims that follow.

What is claimed is:

1. An architecture for real-time extraction of maximally
stable extremal regions (MSERs) comprising a communi-
cation interface and processing circuitry configured in hard-
ware to in real-time:

receive a data stream of an intensity image via the

communication interface;

provide labels for image regions within the intensity

image that match a given intensity threshold;

find extremal regions within the intensity image based

upon the labels; and

determine MSER ellipses parameters based on the extre-

mal regions and MSER criteria.

2. The architecture of claim 1 wherein the MSER criteria
include a nested MSER tolerance value.

3. The architecture of claim 2 wherein the MSER criteria
further include a minimum MSER area, a maximum MSER
area, and an acceptable growth rate value for MSER area.

4. The architecture of claim 1 wherein the MSER ellipses
parameters include a center of gravity, a major axis length,
a minor axis length, and an angle of the major axis length
with respect to a horizontal axis.
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5. The architecture of claim 1 wherein the processing
circuitry includes MSER moments calculator hardware con-
figured to calculate MSER moments.

6. The architecture of claim 5 wherein the processing
circuitry further includes elliptical fit approximator hard-
ware configured to receive MSER moments from the MSER
moments calculator hardware and fit an MSER ellipse to an
extremal region based upon the MSER moments.

7. The architecture of claim 1 wherein the processing
circuitry includes union-find hardware configured to provide
the labels for the image regions within the intensity image
that match the given intensity threshold.

8. The architecture of claim 7 wherein the processing
circuitry includes extremal region find hardware that is
configured to receive the labels for the image regions and
find extremal regions based upon the labels for the image
regions.

9. The architecture of claim 8 wherein the extremal region
find hardware is configured to find extremal regions using a
mathematical relationship  q(O)=1Q(t+ANQ(t-A)/1Q(D)I,
where each extremal region’s cardinality, |Q(t)! is a function
of an intensity threshold t.

10. The architecture of claim 1 wherein the processing
circuitry includes MSER selector hardware configured to
automatically select MSERs based upon the MSER criteria.

11. An architecture for real-time extraction of maximally
stable extremal regions (MSERs) comprising:

intensity image process hardware that receives a data

stream of an intensity image and outputs labels for
image regions within the intensity image that match a
given intensity threshold;

extremal regions find hardware that receives the labels for

the intensity image and finds extremal regions within
the intensity image; and

MSER process hardware receive that receives MSER

criteria and outputs MSER ellipses parameters based
upon the extremal regions.

12. The architecture of claim 11 wherein the MSER
criteria include a nested MSER tolerance value.

13. The architecture of claim 12 wherein the MSER
criteria further include a minimum MSER area value, a
maximum MSER area value, and an acceptable growth rate
value for MSER areas.

14. The architecture of claim 1 wherein the MSER
ellipses parameters include a center of gravity, a major axis
length, a minor axis length, and an angle of the major axis
length with respect to a horizontal axis.

15. The architecture of claim 11 wherein the intensity
image process hardware includes union-find hardware that
labels region seeds.

16. The architecture of claim 11 wherein the extremal
regions find hardware finds extremal regions using a math-
ematical relationship q(t)=IQ(t+ANQ(t-A)I/IQ(t)l, where
each extremal region’s cardinality, 1Q(t)! is a function of an
intensity threshold t.

17. The architecture of claim 11 wherein the intensity
image process hardware includes union-find hardware that
provides the labels for the image regions within the intensity
image that match a given intensity threshold.

18. The architecture of claim 17 wherein the intensity
image process hardware further includes labeled region
seeds updater/unifier hardware that prevents a seed that is a
first pixel location within the intensity image from being
stored in a seed list, if the seed is presently stored in the seed
list.

19. The architecture of claim 18 further including region
map updater hardware that stores a value of Q(t+A), Q(t),
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and Q(t-A) for each seed, where t is an intensity threshold
and A is an increment of the intensity threshold t.

20. The architecture of claim 11 wherein the intensity
image process hardware, the extremal regions find hardware,
and the MSER process hardware are fabricated on a single
application specific integrated circuit (ASIC).

21. The architecture of claim 11 wherein the intensity
image process hardware, the extremal regions find hardware
and the MSER process hardware are implemented on a
single field programmable gate array (FPGA).

22. A method for real-time extraction of maximally stable
extremal regions (MSERs) via processing circuitry compris-
ing:

receiving a data stream of an intensity image via a

communication interface in communication with the
processing circuitry;

generating labels for image regions within the intensity

image that match a given intensity threshold in real-
time via the processing circuitry;

finding extremal regions within the intensity image based

upon the labels in real-time via the processing circuitry;
and

determining MSER ellipses parameters based on the

extremal regions and MSER criteria in real-time via the
processing circuitry.

23. The method for real-time extraction of maximally
stable extremal regions (MSERs) via the processing cir-
cuitry of claim 22 wherein the MSER criteria include a
nested MSER tolerance value.

24. The method for real-time extraction of maximally
stable extremal regions (MSERs) via the processing cir-
cuitry of claim 23 wherein the MSER criteria further include
a minimum MSER area, a maximum MSER area, and an
acceptable growth rate value for MSER areas.

25. The method for real-time extraction of maximally
stable extremal regions (MSERs) via the processing cir-
cuitry of claim 22 wherein the MSER ellipses parameters
include a center of gravity, a major axis length, a minor axis
length, and an angle of the major axis length with respect to
a horizontal axis.

26. The method for real-time extraction of maximally
stable extremal regions (MSERs) via the processing cir-
cuitry of claim 22 wherein the processing circuitry includes
MSER moments calculator hardware configured to calculate
MSER moments.

27. The method for real-time extraction of maximally
stable extremal regions (MSERs) via the processing cir-
cuitry of claim 26 wherein the processing circuitry further
includes elliptical fit approximator hardware configured to
receive MSER moments from the MSER moments calcula-
tor hardware and fit an MSER ellipse to an extremal region
based upon the MSER moments.

28. The method for real-time extraction of maximally
stable extremal regions (MSERs) via the processing cir-
cuitry of claim 22 wherein the processing circuitry includes
union-find hardware configured to provide the labels for the
image regions within the intensity image that match a given
intensity threshold.

29. The method for real-time extraction of maximally
stable extremal regions (MSERs) via the processing cir-
cuitry of claim 28 wherein the processing circuitry includes
extremal region find hardware that is configured to receive
the labels for the image regions and find extremal regions
based upon the labels for the image regions.

30. The method for real-time extraction of maximally
stable extremal regions (MSERs) via the processing cir-
cuitry of claim 29 wherein the extremal region find hardware
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is configured to find extremal regions using a mathematical
relationship q(t)=1Q(t+ANQ(t—A)I/IQ(t)I, where each extre-
mal region’s cardinality, IQ(t)! is a function of an intensity
threshold t.

31. The method for real-time extraction of maximally
stable extremal regions (MSERs) via the processing cir-
cuitry of claim 22 wherein the processing circuitry includes
MSER selector hardware configured to automatically select
MSERs based upon the MSER criteria.
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